IMPORTANCE Adult survivors of childhood cancer are at excess risk for mortality compared with the general population. Whether exercise attenuates this risk is not known.
I mprovements in multimodal cancer treatment, together with more effective risk stratification, have contributed to a significant decline in mortality among long-term adult survivors of childhood cancer.
1 Despite such advances, these individuals remain at substantially elevated risk of mortality, with life expectancy shortened by a mean of 10 years compared with the general population. 2 Of importance, mortality attributable to recurrence or progression of primary disease decreases over time, indicating that treatment (health)-related effects (eg, subsequent malignant neoplasms [SMNs] , cardiovascular disease [CVD] ) primarily drive excess mortality. [3] [4] [5] Strategies that complement advances in conventional cancer treatment, especially those that offset treatment-related effects, are of major clinical importance in this at-risk population. 6 In the general population, adherence to healthy lifestyle behaviors including regular exercise is associated with substantial reductions in CVD mortality 7 and mortality from any cause. 8, 9 Exercise also reduces the primary incidence of several forms of cancer and the risk of recurrence following a diagnosis of certain adult-onset cancers (eg, breast, colon, prostate) . 10 Whether these findings extend to adult survivors of childhood cancer with excess risk of mortality is not known. Accordingly, the aim of this study was to evaluate the association between vigorous exercise in early adulthood and change in vigorous exercise with mortality in long-term adult survivors of childhood cancer participating in the Childhood Cancer Survivorship Study (CCSS). 11 We hypothesized that vigorous exercise in early adulthood and increased exercise reduces the risk of mortality in a dose-dependent manner.
Methods

Study Population and Design
The CCSS is a retrospective cohort study, with longitudinal follow-up of childhood cancer survivors diagnosed and treated at 27 institutions in the US and Canada (https://ccss.stjude .org/) between January 1, 1970, and December 31, 1999 . Details of the study design, methods, and cohort characteristics have been reported previously. 11 In brief, major eligibility criteria were (1) a diagnosis of cancer before age 21 years, (2) primary cancer treatment between January 1, 1970, and December 31, 1999, (3) survival of at least 5 years beyond initial diagnosis, and (4) age older than 18 years at baseline enrollment. 11 The CCSS protocol was approved by the human subjects committee at each participating institution, and written informed consent was obtained from each participant. The CCSS study population consists of 35 651 eligible survivors, with 24 357 completing the baseline questionnaire .
11
We excluded 1046 Canadian survivors for whom death or cause of death information was not available, 4741 nonadult survivors (age <18 years at baseline), 1575 who died before the baseline questionnaire (questionnaires were completed by a proxy), 499 who did not complete exercise exposure questions, 321 who completed the baseline questionnaire after the most recent National Death Index search (December 31, 2013) , and 725 survivors with recurrence of primary cancer, or an SMN before study entry, for a final analytic cohort of 15 450 (Figure 1) . After baseline enrollment, new-onset events were ascertained in periodic follow-up questionnaires, the most recent of which was administered between 2007 and 2009. Compared with excluded survivors (8907), those included in this analysis were more likely to be older, female, a current smoker, have a higher body mass index, and report CVD risk factors (eTable 1 in the Supplement).
Exercise Assessment
At baseline enrollment and follow-up questionnaires, vigorous exercise was assessed using the following single item from the Youth Risk Behavior Surveillance Survey: "on how many of the past 7 days did you exercise or do sports for at least 20 minutes that made you sweat or breathe hard (eg, jogging, basketball, etc) ?" This item has acceptable test-retest reliability for assessment of total minutes of vigorous exercise. 12 In brief, total vigorous exercise was estimated as the self-reported number of exercise sessions (frequency) per week multiplied by session duration (ie, 20 minutes [specified in the questionnaire]), weighted by the standardized classification of energy expenditure for vigorous exercise (ie, 9 metabolic equivalent tasks [METs] 13 ) in METs expressed as average MET-h/wk.
13
Thus, exercise exposure ranged from a minimum of 0 METh/wk to a maximum of 21 MET-h/wk, categorized as 0, 3 to 6, 9 to 12, and 15 to 21 MET-h/wk. 14 These categories correspond to the equivalent of approximately less than 20, 20 to less than 40, 60 to less than 80, and 100 to less than 140 minutes per week of vigorous exercise. Vigorous exercise was reassessed in a follow-up questionnaire (2002) (2003) (2004) (2005) among 8150 survivors diagnosed between 1970 and 1986. 11 Change in vigorous exercise data were available in 5689 (70%) survivors ( Figure 1 ) and defined as (1) decreased, (2) increased, (3) low maintenance (remaining in low exercise categories, ie, 0 or 3-6 MET-h/wk), and (4) high maintenance (remaining in high exercise categories, ie, 9-12 or 15-21 MET-h/wk). In the follow-up questionnaire, patients were asked, "How many days per week do you do these vigorous activities for at least 10 minutes at a time such as running, aerobics, heavy yard work, or anything else that causes large increases in breathing or heart rate?" and "On days when you do
Key Points
Question Is vigorous exercise and change in exercise associated with a reduction in mortality in adult survivors of childhood cancer?
Findings In this cohort analysis using a questionnaire after a median follow-up of 10 years among 15 450 adult survivors of childhood cancer, there was a significant inverse association across quartiles of exercise and all-cause mortality after adjustment for chronic health conditions and treatment exposures. Increased exercise over 8 years was associated with a 40% reduction in all-cause mortality rate compared with maintenance of low exercise.
Meaning Vigorous exercise in early adulthood and increased exercise over 8 years is associated with lower risk of mortality in adult survivors of childhood cancer.
vigorous activities for at least 10 minutes at a time, how much total time per day do you spend doing these activities?" To permit comparison between surveys, reported exercise greater than 20 minutes was truncated at 20 minutes, whereas reported exercise less than 20 minutes was scored as 0.
Ascertainment of Deaths
The primary end point was all-cause mortality. Secondary end points were cause-specific mortality defined as (1) recurrence/ progression of primary malignant neoplasm and (2) healthrelated mortality (ie, SMN, CVD, pulmonary, and other healthrelated causes, collectively and individually). Initiating causes of death were provided by the National Death Index, 5 and deaths were grouped into categories using the International Classification of Diseases, Ninth Revision (ICD-9) and Tenth Revision (ICD-10) coding: (1) recurrence/progression of the primary childhood malignant neoplasm; (2) health-related causes:
SMN (ICD-9: 140-239, ICD-10: C00-C97, D10-D36), cardiac 402, 404, (410) (411) (412) (413) (414) (415) (416) (417) (418) (419) (420) (421) (422) (423) (424) (425) (426) (427) (428) (429) , ICD-10: I00-I02, I05-I09, I11, I13, I14, I20-I28, I30-I52), pulmonary (ICD-9: 460-519, ICD-10: J00-J99), and all other health-related causes.
Covariates
All analyses were adjusted for confounding variables including attained age as cubic splines (knots at 22, 25, 30, 35 , and 40 years), age at diagnosis, sex, race, smoking, education, CVD risk factor profile (ie, diabetes, hypertension, dyslipidemia, obesity) as time-dependent variables, any anthracycline and equivalent dose, cyclophosphamide and equivalent dose, chest radiation exposure, and any baseline grade 3 to 4 chronic conditions (eTable 2 in the Supplement). 15 Type of cancer diagnosis correlates with treatment and therefore was not included as a covariate.
Statistical Analysis
Demographic, disease, and treatment characteristics were stratified by the baseline quartiles of exercise exposure, and compared using χ 2 tests for categorical outcomes and analysis of variance for continuous variables. Analysis of mortality after baseline was conducted in all-cause and causespecific death, censoring the at-risk time at the most recent National Death Index search. Cumulative incidence at 15 years from baseline was stratified by quartiles of exercise exposure at baseline and compared using permutation tests. When cumulative incidence for a specific cause was estimated, all other causes of death were treated as competing risk events. For assessment of the association between change in vigorous exercise and mortality, the follow-up period started at the completion of the second follow-up questionnaire. Piecewise exponential regression was used to estimate the rate ratios (RRs) and 95% confidence intervals for the association between exercise exposure/change in exercise categories and mortality rates using the logarithm of person-years as the offset. All 15 450 survivors were used in cumulative incidence rate estimate and ageadjusted RR estimate. Survivors with missing treatment were excluded in the multivariate analysis. Statistical analyses were conducted using SAS, version 9.4 (SAS Institute), and R, version 3.2.4. All statistical inferences were 2 sided, with P < .05 considered statistically significant.
Results
At baseline, exercising survivors (ie, >0 MET-h/wk) were younger at cancer diagnosis, more likely to be nonsmokers, and had a lower prevalence of CVD risk factors and grade 3 to 4 chronic conditions (eTable 3 in the Supplement). The median interval between initial cancer diagnosis and completion of the baseline questionnaire was 17.8 years (interquartile range, [IQR] 6.3 years). Median interval between baseline and follow-up was 9.6 years (IQR, 15.5 years). During this period, 1063 deaths were documented (n = 811 due to health-related events, n = 120 due to recurrence or progression of primary disease, and n = 132 external or unknown causes, respectively). 
Vigorous Exercise and Mortality
Exercise exposure greater than the referent group (0 MET-h/ wk) was associated with a significant reduction in the cumulative incidence of all-cause, relapse, and health-related mortality at 15 years ( Figure 2 ). At 15 years, the cumulative incidence of all-cause mortality was 11.7% (95% CI, 10.6%-12.8%) for 0 MET-h/wk, 8.6% (95% CI, 7.4%-9.7%) for 3 to 6 MET-h/wk, 7.4% (95% CI, 6.2%-8.6%) for 9 to 12 MET-h/wk, and 8.0% (95% CI, 6.5%-9.5%) for 15 to 21 MET-h/wk (P < .001). There was a statistically significant, nonlinear inverse association between exercise and all-cause mortality (P = .02 for trend) (eTable 4 in the Supplement). Compared with 0 MET-h/wk, the adjusted RR was 0.81 (95% CI, 0.68-0.97) for 3 to 6 MET-h/wk, 0.82 (95% CI, 0.68-1.00) for 9 to 12 MET-h/wk, and 0.79 (95% CI, 0.62-1.00) for 15 to 21 MET-h/wk. Similar nonlinear relationships were observed for recurrence/progression and health-related mortality (eTable 4 in the Supplement).
Given limited evidence for a dose-response relationship, a multivariable-adjusted rate for all-cause mortality and each MET-h/wk category (ie, 0, 3, 6, 9, 12, 15, 18, 21) was generated to identify the optimal exercise exposure. The adjusted rate indicated that the optimal exercise exposure was 15 to 18 MET-h/wk (eFigure and eTable 5 in the Supplement). On this basis, exercise was collapsed into 2 categories (0 MET-h/wk [n = 5059] vs 15-18 MET-h/wk [n = 1669]) for subsequent analyses. Using this dichotomy, cumulative incidence of all-cause, recurrence/progression, and health-related mortality was 11.7%, 1.4%, and 8.7% for 0 MET-h/wk compared with 5.7% (P < .001), 1.0% (P = .10), and 4.1% (P < .001) for 15 to 18 MET-h/wk, respectively. Compared with 0 MET-h/wk, the adjusted RR for all-cause, recurrent/progressive, and healthrelated mortality was 0.58 (95% CI, 0.42-0.80), 0.80 (95% CI, 0.37-1.71), and 0.63 (95% CI, 0.43-0.92) for 15 to 18 MET-h/ wk, respectively (eTable 6 in the Supplement).
Change in Vigorous Exercise and Mortality
Survivors reporting increased exercise were more likely to be nonsmokers and had a lower prevalence of any preexisting comorbid conditions compared with those maintaining low exercise (eTable 7 in the Supplement). Longitudinally, 29% (n = 1677) maintained low exercise, 40% (n = 2279) decreased exercise (mean [SD], −8.2 [4.9] MET-h/wk), 20% (n = 1174) increased exercise (mean [SD], 7.9 [4.4] MET-h/ wk), and 10% (n = 559) maintained high exercise. Increased exercise exposure over 8 years was associated with an adjusted 40% reduction in the rate of death from any cause, compared with maintenance of low exercise (RR, 0.60; 95% CI, 0.44-0.82) (Figure 3 and eTable 8 in the Supplement). Using continuous values of exercise change, a 6-MET-h/wk increase in vigorous exercise was associated with a 13% reduction in the rate of death from any cause.
Discussion
This analysis of a large cohort of adult survivors of childhood cancer after a median of 10 years' follow-up indicates that vigorous exercise in early adulthood was associated with substantial reductions in the risk of mortality after controlling for important clinical covariates including key treatment exposures and chronic health conditions. Furthermore, increased vigorous exercise over 8 years was associated with a 40% reduction in risk of death from any cause. Our findings are consistent with the wealth of data in the general population showing that regular exercise is associated with substantial reductions in all-cause and causespecific mortality. [7] [8] [9] Comparably fewer studies have examined the impact of exercise performed in the period after diagnosis on long-term mortality in patients with adultonset cancers. In a meta-analysis of prospective studies published through 2013, a total of 10 studies examined the association between postdiagnosis exercise and all-cause mortality in patients with early-stage colorectal (6 studies; 7523 total patients) or breast cancer (4 studies; 21 733 total patients). 16 Comparing the highest vs lowest levels of exercise, the overall relative risk of total mortality was 0.58 (95% CI, 0.48-0.70) and 0.52 (95% CI, 0.42-0.64) for colorectal and breast cancer, respectively. Thus, the magnitude of risk reduction is higher than that observed in the present study. However, studies included in this meta-analysis had small sample sizes (mean, n = 2925; range, 573-11 315), assessment of exercise within a short period following initial diagnosis (all ≤4 years), limited follow-up duration (mean, 7.2 years; range, 3.3-11.9 years), small number of all-cause mortality events (mean, 444; range, 82-1468) , and inconsistent findings (25%-67% reduction in allcause mortality). 16 In addition, due to the timing of exercise assessment and short duration of follow-up, observed reductions in total mortality are likely driven primarily by a reduction in death from recurrence. Thus, whether exercise reduces mortality due to competing (noncancer) causes, a major cause of death in 5-year survivors of cancer, remains to be resolved. 17 To this end, our findings with a median of 10 years'
follow-up, a high number of events (>1000), and assessment of exercise approximately 18 years following initial diagnosis significantly extends the current evidence base and arguably provides the best available epidemiological evidence to support the endorsement of exercise for cancer survivors. However, such a conclusion must be interpreted with caution given that observational studies are susceptible to reversecausation bias. In the present study, we conducted several additional analytical procedures to directly address and minimize this issue including excluding participants with recurrence or SMN at baseline, and adjusting all analyses for available important clinical covariates that may alter the exercise-clinical outcomes relationship. Given these measures, and consistency of our findings across multiple outcomes, we contend that our findings, in conjunction with prior work, 18 support the general conclusion that exercise confers significant health benefit for cancer survivors. Nevertheless, the contribution of confounding cannot be disregarded and only data from randomized clinical trials can definitively prove causality. Change in exercise exposure data was defined as (1) low maintenance (reference, remaining in low exercise categories, ie, 0 and 3-6 metabolic equivalent task [MET]-h/wk), (2) decreased category, (3) increased category, and (4) high maintenance (remaining in high exercise categories, ie, 9-12 or 15-21 MET-h/wk). Symbols represent rate ratios (RRs) and 95% confidence intervals adjusted for attained age, age at cancer diagnosis, sex, race/ethnicity, smoking status, education, and cardiovascular disease risk factor profile as time-dependent variables, cumulative doxorubicin-equivalent dose, cumulative cyclophosphamide-equivalent dose, chest radiation exposure, and any baseline grade 3 to 4 chronic health conditions. Health-related causes include subsequent neoplasms, cardiovascular, pulmonary, and other health-related causes of death.
survivors (≥9 MET-h/wk). 24 However, similar to the interpretation of exercise efficacy, use of epidemiological data for the selection of the optimal dose of exercise for further testing in clinical trials, or clinical recommendation, is likely to be imprecise owing to methodological limitations concerning accurate assessment and quantification of dose, schedule, and length of exercise exposure. 25 Moreover, despite the widespread appeal of identifying 1 uniform optimal dose of exercise for a particular cancer population (ie, 1 size fits all), such efforts fail to consider the large degree of heterogeneity observed in response to exercise. Clinical studies, wherein exercise dose can be accurately implemented and quantified, are required to elucidate the exercise dose/exposure-clinical outcomes relationship and identify predictors of response to facilitate a personalized medicine approach.
26
Prior observational studies in cancer survivors have typically examined the impact of exercise (on clinical outcomes) assessed at 1 time point shortly after initial diagnosis and treatment.
16,18 These data do not address the essential clinical question of whether increases in exercise over time improve clinical outcomes. Our findings corroborate those in the general population 8, 27 showing that a relatively small increase in vigorous exercise (approximately 40 min/wk) and maintenance of high vigorous exercise confers significant benefit. Of importance, in addition to all-cause and health-related mortality, the reductions in relapse mortality were noteworthy (albeit nonsignificant). Clearly, this finding could be explained by reverse causation (those survivors experiencing relapse reduce exercise). However, if this were the explanation then decreased exercise exposure would be associated with worse prognosis, but this was not observed. In addition, a similar pattern was observed for health-related mortality. Overall, while it is not possible to completely rule out reverse causation, these findings support the notion that increasing or maintaining high exercise may lower the risk of relapse mortality. This finding is consistent with prior epidemiological studies showing an inverse relationship between exercise (at 1 time point) and risk of recurrence in patients with adult-onset solid tumors. 
Conclusions
Our findings indicate that regular vigorous exercise, as well as an increase in exercise, is associated with significant reductions in the risk of mortality in adult survivors of childhood cancer. These findings may be of importance for the large and rapidly growing global population of adult survivors of childhood cancer at substantially higher risk of mortality due to multiple competing risks. eTable 5. Multivariable-adjusted Rate for All-cause Mortality and MET-hr/wk Category ‡ The adjusted rate is the all-cause mortality per 1000 person years follow-up, given a person who: is a 34 year old non-Hispanic white male, has never smoked, has higher than high school education, did not develop grade 3-4 chronic conditions until the start of study, had no CVD risk factors (i.e., no diabetes mellitus, hypertension, dyslipidemia, or obesity) at latest survey, was diagnosed between ages 5 to 9, received alkylating agents but not anthracyclines, and received chest radiation dose < 20Gy. 
